A new thermophilic, cellulolytic species of the genus Clostridium was isolated from riverside mud. The guanine-plus-cytosine content of its DNA is 34 mol%. The isolate ferments a wide range of carbohydrates. Its major fermentation products are ethanol, butanol, acetate, butyrate, lactate, carbon dioxide, and hydrogen. Hydrogen sulfide is also produced. The name Clostridium thermupapyrulyticum is proposed. The type strain has been deposited in the South American Biotechnology and Applied Microbiology microbiological resource center (United Nations Educational, Scientific, and Cultural Organization) culture collection, Tucuman, Argentina, as UBA 305.
The genus Clostridium includes four cellulolytic and thermophilic species: Clostridium thermocellum (lo), C. stercorarium (8), C. thermolacticum (7), and C. thermocopriae (5) .
Thermophilic bacteria are of particular interest for the industrial conversion of cellulose to liquid fuels. For this reason, we searched for cellulolytic thermophiles in different anaerobic environments.
One isolate from riverside mud digested cellulose and fermented a wide range of carbohydrates. This isolate was chosen for further studies. In this article, we present its taxonomic features and propose it as a new species named Clostridiurn thermopapyrolyticum .
MATERIALS AND METHODS
Media and culture conditions. CM4 (2) was the basal medium used throughout this study. This medium was supplemented with carbon sources as indicated below. Cellulose powder (standard grade; Whatman, Maidstone, England) and strips of Whatman no. 1 filter paper were used as cellulosic substrates. Solid medium contained 1.5% (wthol) agar (Merck, Darmstadt, Germany). The Hungate method (4) was used for liquid cultures. The headspace gas was oxygen-free nitrogen. The cultures were plated either in an anaerobic hood (Coy Laboratory Products, Ann Arbor, Mich.) in an atmosphere of 80% N,-10% H,-10% CO, or on a laboratory bench. In the latter case, the plates were incubated in anaerobic jars at 60°C with anaerobiosis generators (Anaerocult; Merck).
Isolation procedure and stock culture maintenance. Onehalf-gram samples of mud were added to 5 ml of liquid medium containing a filter paper strip (1 by 5 cm) as the sole carbon source and incubated at 60°C until the strip was degraded. The cultures were then vigorously shaken and streaked onto plates supplemented with 0.6% (wthol) cellobiose. After 48 h of incubation, isolated colonies were restreaked and repicked twice on the same medium. The purified colonies were transferred to liquid CM4 containing a filter paper strip of the same size as that mentioned above with no other carbon source. After complete paper degradation, the cultures were plated on cellobiose agar. The whole * Corresponding author.
procedure was repeated once more. Stock cultures were kept at 4°C in medium containing a strip of filter paper. This stock was used as an inoculum for the cultures used to perform the physical and biochemical assays described below. All assays were done in triplicate.
Temperature studies. CM4 supplemented with cellobiose was used for determinations of growth at various temperatures. Growth was measured spectrophotometrically at 600 nm at temperatures ranging from 40 to 70°C with 1°C intervals.
Cellulose plate assay. Serial dilutions of a culture in CM4 supplemented with cellobiose and 0.6% gelatin, obtained after three passages in the same medium, in which complete gelatin hydrolysis was observed, were plated on carboxymethyl cellulose solid medium.
After 4 days of incubation the Congo red test (13) was performed.
Biochemical tests. The basal medium was supplemented with 0.6% (wthol) carbohydrates for the sugar fermentation assay. Five milliliters of an exponential-growth-phase culture (optical density at 600 nm = 0.200) grown in cellobiose was centrifuged, washed twice, and resuspended in 5 ml of basal medium. One-half milliliter was inoculated into tubes containing 4.5 ml of liquid medium supplemented with different sugars. A culture in basal medium free of added substrate was used as a growth control. Incubations were carried out for 7 days at 59°C. The optical density was measured at 24-h intervals. After incubation, tubes with an optical density 250% of the control tube optical density were considered positive for growth. A reaction mixture with a final pH of <5.5 was considered positive for acid production. Reaction mixtures with pH values between 5.5 and 6.5 were considered to have a weak acid reaction.
All other biochemical tests and a motility assay were performed according to the methods of Holdeman et al. (3) . A chemically defined medium devoid of cysteine (6) was used to test sulfate reduction.
CM4 supplemented with cellobiose or glucose and 0.6% gelatin was used for testing gelatin hydrolysis. The cultures were started from colonies that hydrolyzed carboxymethyl cellulose. After 4 days of incubation, the cultures and three uninoculated tubes of gelatin medium were chilled on ice until the controls solidified. The tubes were then inverted at room temperature. Failure to solidify was taken to indicate a positive reaction.
Isolation of DNA and determination of base composition. DNA was extracted and purified with phenol according to the method of Saito and Miura (12) . The moles percent guanine plus cytosine was determined according to the method of Mandel and Marmur (9) by measuring the A,,,. Analytical techniques. Gases were analyzed using a GowMac (Bridgewater, N.J.) Series 550 gas chromatograph equipped with a thermal conductivity detector. A column of silica gel (180 by 0.3 cm) was used to separate the gases, and N, was used as a carrier.
Volatile fatty acids and alcohols were determined with a Gow-Mac Series 550 gas chromatograph equipped with a flame ionization detector. Ethanol and butanol were separated in a 1.80-m glass column packed with l% Sp-1000 on Carbopack (80/100 mesh). For the measurement of acids, the culture supernatants were acidified with formic acid (final concentration, 37 g liter-'). Acetate and butyrate were separated in a 1.80-m glass column packed with 10% Sp 1000-1% H,PO, on Chromosorb WAW (100/120 mesh).
Glucose was measured by the glucose GOD-PAP method (Boehringer Argentina S.A.) according to the manufacturer's instructions.
Lactic acid was measured enzymatically with lactate dehydrogenase (Sigma Chemical Co.) according to the manufacturer's instructions.
Electron microscopy. Cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.8) and then subjected to OsO,, dehydrated, and embedded in Epon-Araldite. Thin sections were stained with uranyl acetate and lead citrate and then observed with a Zeiss 109 electron microscope.
RESULTS AND DISCUSSION
The isolate described in this article is a strictly anaerobic sporeforming rod, and it does not reduce sulfate. This determines its classification in the genus Clostridium. We propose it as a new species because it has characteristics which differ from those of described cellulolytic and thermophilic clostridia.
Description of Clostridium thermopapyrolyticum sp. nov. Clostridium thermopapyrolyticum sp. nov. (ther.mo.pa.py. ro.ly'ti.cum. Gr. adj, thermus, hot; Gr. n. papyros, paper; Gr. adj. lyticus, dissolving; M.L. neut. adj. thermopapyrolyticum , a paper-degrading thermophile).
Isolated from sediment from a river bank in Buenos Aires, Argentina.
This microorganism can utilize filter paper as its sole carbohydrate source. In liquid cultures, filter paper is degraded in 10 days.
Colonies on cellobiose or glucose agar medium after 48 h of incubation are 1.5 to 2 mm in diameter and are cream colored with entire edges. After 8 days of incubation, colonies become pale brown and rough with lobed edges. Cells from these colonies show subterminal spores when observed under an electron microscope (Fig. 1) .
On cellulose agar medium, colonies reach 0.5 to 0.8 mm in diameter after 7 days of incubation. No zone of clearing is detected, even on plates on which the agar has been turned over to facilitate direct contact of the microorganism with the cellulose. To test for the presence of extracellular cellulolytic enzymes, the Congo red method (Fig. 2) was applied. Fifty-three colonies were tested in this way, and all of them produced clear zones corresponding to hydrolyzed carboxymethyl cellulose.
Under phase-contrast microscopy, cells appear as straight or slightly curved rods 4 to 7 pm in length and 0.5 to 0.6 pm Electron-microscopic observations of ultrathin sections indicate a three-layer wall (Fig. 3) unlike the usual grampositive mesophilic envelope. However, lysozyme treatment (11) produces protoplastization and sensitivity to osmotic shock. Thus, a peptidoglycan layer easily accessible to lysozyme surrounds the cells.
The optimum growth temperature, 59"C, was estimated from the generation time, which at this temperature is 60 min. Growth occurs only between 45 and 66°C.
This isolate grows on cellulose, cellobiose, arabinose, mannitol, xylose, lactose, maltose, fructose, starch, glucose, and galactose. It does not grow on sucrose, melibiose, glycerol, sorbitol, raffinose, or inulin. Acid is produced from all the carbohydrates tested that allow growth. In the case of cellulose, acid production is weak, The type strain hydrolyzes esculin and forms curd in milk. Cultures grown on gelatin medium did not solidify when chilled, showing gelatin hydrolysis. This species does not reduce nitrate and does not produce indole.
The end products of glucose fermentation of the type strain after 48 h of incubation are as follows (in millimoles per 100 millimoles of glucose consumed): ethanol, 34; acetate, 48; butyrate, 38; lactate, 38; and butanol, 5. Carbon dioxide, hydrogen, and hydrogen sulfide are also produced.
The guanine-plus-cytosine content of the DNA is 34 mol%.
The type strain is deposited in the South American Biotechnology and Applied Microbiology microbiological resource center culture collection as UBA 305.
Differentiation from other cellulolytic and thermophilic Clostridium species. C . thermopapyrolyticum can be distinguished from other cellulolytic, thermophilic clostridia presently known by characteristics given in Table 1 . In addition, this species can be distinguished from C. thermocellum, C. stercorarium, and C . thermolacticum by its production of hydrogen sulfide and from C . thermocopriae, which also produces hydrogen sulfide, by its different motility.
